In this work, for avoiding the negative effect of glycerol and enhancing biodiesel preparation, RA was used as acyl donor. Enzyme screening was also studied. Effects of reaction temperature, molar ratio of methanol to RA, enzyme load, reaction time, and interaction effect of these variables on the preparation of biodiesel were also evaluated and optimized by response surface analysis. The relationship between the initial reaction rate and reaction temperature was also established.
EXPERIMENTAL 2.1 Materials
Ricinoleic acid RA, acid value of 173.61 2.10 mgKOH/ g was purchased from Aladdin Reagent Co., Ltd Shanghai, China . Methanol AR and ethanol 95 were purchased from Tianjin Kermel Chemical Reagent Co., Ltd Tianjin, China and Tianjin Deen Chemical Reagent Co., Ltd Tianjin, China , respectively. Novozym 435 Candida antartica lipase immobilized on polyacrylic resin by adsorption, 10,000 PLU/g solid enzyme , Lipozyme RM IM from Rhizomucor miehei, RML, 25 BIU/g , and Lipozyme TL IM from Thermomyces lanuginosus, TLL, 175 IUN/g were purchased from Novozymes A/S Bagsvaerd, Denmark . All other reagents were of analytical grade.
Experimental procedure
The experiment was carried out in a three-necked flask 250 mL , which was equipped with a reflux condenser. An appropriate amount of RA and methanol were added into the flask. The mixtures were incubated at various temperatures using a water bath with a magnetic stirrer. And then, an amount of enzyme catalyst was added into the system. Acid values were measured at regular time intervals to monitor the process of the esterification of RA.
Measurement of reaction extension
Acid value AV was analyzed according to AOCS Cd 3d-63 and AOCS Ca 5a-40 27 , which was used to evaluate the degree of esterification DE . The AV mgKOH/g of biodiesel was determined as follows:
AV 56.1VC/W 1 where V and C are the consumed volume and concentration of KOH solution, respectively. W is the weight of the sample. DE was defined as follows:
where A 0 and A E are the initial and equilibrium AV of biodiesel, respectively. The initial AV A 0 of ricinoleic acid is 173.61 2.10 mgKOH/g.
GC-MS analysis of the biodiesel
Biodiesel samples were analyzed using a Agilent Technologies 7890B GC fitted with a flame-ionization detector. And the samples were chromatographed on a HP-5 fusedsilica capilary column 30 m 0.25 mm i.d., 0.25 µm J&W Scientific, Folsom, CA , using helium as the carrier gas at 150 for the first 2 min, followed by linear programming from 150 to 250 at 2 /min, and then maintained 250 for 2 min. The injector and FID temperatures were both set at 280 . The operating conditions for electronimpact mass spectrometry EI-MS were as follows: ionization voltage 70 eV and scan range from m/e 50 to 500 scan rate 1.5 scans s 1 , threshold set to 30 .
Response surface design
A 3-level-4-factor Box-Behnken experimental design was performed to investigate the effect of reaction variables on the esterification of RA with methanol. The factors and levels selected were as follows: reaction temperature 30, 50, and 70 , enzyme load 2 , 4 , and 6 ; relative to the weight of total substrates , molar ratio of methanol to RA 2:1, 6:1, and 10:1 , and reaction time 0.5, 1.5, and 2.5 h Table 2 .
Statistical Analysis
Box-Behnken design for four independent variables was used to obtain the combination of values that optimizes the responses within the region of the three dimensional observation spaces, which allows one to design a minimum number of experimental runs. The model evaluates the effects of each independent variable on responses. 3 k factorial tests allow efficient estimation of a second order polynomial regression. The mathematical relationship relating the variables to the responses can be calculated by the quadratic polynomial equation:
where Y is one of the two responses; X i and X j represent the independent variables; β o is the constant, β i the linear term coefficient, β ii the quadratic term coefficient, and β ij the cross term coefficient. The experiments were carried out for analysis using Design Expert 8.0.6. For the present study, a total of 29 tests were necessary to estimate the coefficients. All experiments were performed at least in triplicate. Results were expressed as average S.E.M. A two-way analysis of variance ANOVA was used. Statistical significance was considered at p 0.05.
RESULTS AND DISCUSSION

Screening of lipases
For the esterification of RA with methanol, the effect of 28 . Therefore, in the next experiments, Novozym 435 was used as a catalyst. The esterification products of RA with methanol were also analyzed by GC-MS. GC-MS results showed that the esterification products are mainly biodiesel 90 . And, the estolides formed by the condensation polymerization of RAs were not found in the products. When the molar ratio of methanol to RA in the reaction system was 10:1, the esterification rate were slow, and the reaction approached equilibrium after 4 h, which may be attributed to the low RA concentration in the reaction system. However, when the molar ratios of methanol to RA were 4:1, 6:1, and 8:1, all reaction reached equilibrium at 2 h, and the DE of RA increased rapidly up to 90 at 2 h. There were some difference between 8:1 and 10:1 molar ratio of methanol to RA on the esterification, for example, the DE of 2 h was 92.76 0.5 using 8:1, which was higher than that 83.80 1.00 of 10:1. However, the difference between two reactions using molar ratio of methanol to RA 8:1 and 10:1 decreased with the progress of the esterification, such as, the DE of 8:1 at 3 h was 93.93 1.0 , which was slightly higher than that 88.36 1.0 of 10:1. These results may be ascribed the fact that the RA concentration of 10:1 was lower that of 8:1 and RA can be efficiently dispersed in the excess methanol with reaction progress. These results show that appropriate amount of methanol can enhance the esterification of RA 29 .
3.3 Effect of enzyme load and stirring speed on the esteri cation of RA with methanol Figure 2 shows that, when enzyme load increased from 0.1 to 7 , reaction rate increased with the increase of enzyme load and reaction time to reach equilibrium shortened from 3.5h of 0.1 enzyme load to 1h of 4 enzyme loads. However, after reaction reached equilibrium, the DE of RA firstly increased with enzyme load from 0.1 to 1 , and then maintained the highest level 90 with high enzyme load 1 . These results can be ascribed to the fact that enough enzyme load is necessary for the esterification. There was no significant difference among the reduce extent of the AVs of the products. Taking into account the cost of enzyme, 4 of enzyme load was used in the following experiments.
The stirring speeds tested 300-3000 rpm had no obvious effect on the reaction, which indicated that an external mass transfer limitation can be eliminated using stirring. These results may be attributed to the good solubility Reaction conditions: molar ratio of methanol to RA 10:1, reaction temperature 50 , and enzyme load 5.0 relative to the weight of RA and methanol . of RA and methanol. Similar effect of stirring speed on the immobilized enzyme catalyzed reactions can also be found in other reactions 30, 31 .
3.4 Effect of reaction temperature on the esteri cation of RA with methanol Reaction temperature was relative to reaction rate, enzyme stability, and the viscosity of reaction medium. In the work, several temperatures 30 , 40 , 50 , 60 , and 70 were selected as the levels of reaction temperature Fig. 3A . In the initial stage of the reaction, the AVs decreased rapidly with the increase of reaction temperature. Meanwhile, the DE of RA increased with the increase of temperature from 30 to 50 Fig. 3A . At 50 , the DE of RA was higher than 94 at 4 h, which may be attributed to the fact that Novozym 435 has shown to be stable at 50-60 32 . However, when reaction temperature was above 50 , the DE of RA and the initial reaction rate significantly decreased, which might be ascribed to the thermal denaturation of the lipase to decrease of enzyme stability and the volatilization of methanol 33 . To obtain good reaction rate and product yield, reaction temperature of 50 was chosen in the following experiments. The initial reaction rates, defined as the initial biodiesel yield per unit time V 0 , mol/ L min , were calculated from five experimental points of the yield-time profile corresponding to the first 0.5 h of the reaction 15.0 or less biodiesel yield , where the profiles were found to be approximately linear. So the Arrhenius law can be described as follows:
where A is the Arrhenius constant, Ea is the activation energy, R is the gas constant, and T is absolute temperature K . Figure 3B shows the values of lnV 0 versus the reciprocal of the absolute temperature T. From the slope of a straight line passing through these points, it is possible to calculate the activation energy. The value of Ea obtained by means of the above-mentioned Eq. 4 is 33.87 kJ/mol, which is similar with other Ea values 0.97-34.5 kJ/mol determined for the lipase-catalyzed esterification reactions 34 .
Therefore, the Arrhenius law equation between the initial reaction rate and reaction temperature 30-55 can be written as Eq. 5 3.5 Selection of levels of independent variables and experimental design In the work, reaction time, reaction temperature, substrate ratio molar ratio of methanol to RA and enzyme load relative to the weight of total substrates were selected as independent variables maximum, 1; minimum, -1; and mean, 0 for independent variables . Therefore the lower, middle and upper levels of the four independent factors were chosen as Table 2 .
Model Fitting
RSM is an empirical modeling technique used to evaluate the relationship between a set of controllable experimental 35 . Modeling of factors and responses was performed by RSM to predict the highest degree of esterification DE . The results obtained for the models are listed in Table 2 . Duplicate experiments were carried out at all design points. Experimental data on the Table 2 were analyzed by using Design Expert 8.0.6 software for the multiple regression analysis. The results were shown in Table 3 and Table  4 . Table 3 and Table 4 show the analysis of variance ANOVA for the parameters used in RSM experiments. According to the statistical method, a multiple regression technique was employed to analyze the data, which could evaluate the relationship between the factors and DE. The analysis of variance ANOVA indicated that the quadratic regression model was significant p 0.01 Table 3 and Table 4 , which suggested that the model was prominent and adequate to explain the actual relationship between the response and the significant variables, with a satisfactory coefficient of determination R 2 0.9641 . After regression fitting, the obtained regression equations were as followed: The relationship between responses and the interaction of reaction variables can be evaluated by 3D surface plots generated from the predicted models. The maximum DE of RA appeared in the temperature range of 50-60 , reaction time of 1.5 h, enzyme loads of 4-6 , and substrate molar ratio of 2:1-4:1 Fig. 4 . Figure 4 also showed the interactions between reaction variables were significant, and the order of reaction variables affecting on the DE were as follows: reaction temperature substrate ratio reaction time enzyme load, and the order of the interaction of two variables affecting on the DE of RA were as follows: the interaction of reaction temperature and substrate ratio the interaction of enzyme load and substrate ratio the interaction of reaction temperature and reaction time the in- 
0.9641
Enhanced biodiesel preparation using ricinoleic acid as acyl donor teraction of enzyme load and reaction time the interaction of substrate ratio and reaction time the interaction of reaction temperature and enzyme load. Figure 4A shows the effect of reaction temperature, enzyme load, and their mutual interaction on the AV and the DE of RA. The maximum DE of RA appeared in the temperature range 35-50 and enzyme load range of 4-6 . The decrease of DE of RA at higher temperature 60 could be attributable to the thermal denaturation of the lipase and the volatilization of methanol. Figure 4B shows the effect of reaction temperature and substrate ratio on esterification. The maximum DE appeared in the temperature range of 33-45 and substrate ratio molar ratio of methanol to RA of 2-4.5 :1. However, the DEs of low substrate ratio were lower than that of high substrate ratio, which may be due to the presence excess methanol. Figure 4C shows the effect of reaction temperature, reaction time, and their mutual interaction on esterification. Long reaction time and low temperature can convert more RA to biodiesel. Figure 4D shows the effect of enzyme load, substrate ratio, and their interaction on esterification. The DEs of RA were the highest under the enzyme load of 2.8-6 and substrate ratio methanol to RA 4:1. Figure  4E shows the effect of enzyme load, reaction time, and their mutual interaction on esterification. The maximum DE of RA appeared in the enzyme load of 4-6 and reaction time of 1.5-2.5 h. Figure 4F shows the effect of substrate ratio, reaction time, and their mutual interaction on esterification. The maximum DE of RA appeared in reaction time of 1.5-2.5 h and the substrate ratio methanol to RA 4:1, which is the same to Fig. 4D and Fig. 4E .
Optimum conditions and model veri cation
The enzymatic esterification process was carried out three times at the optimum conditions obtained from the analysis result of models to verifying the goodness of the models. Reaction conditions were optimized using RSM as follows: reaction temperature, 48.2 ; enzyme load, 5.8 ; molar ratio of methanol to RA, 5.56:1; reaction time, 2.36 h. Under these conditions, the AV and DE of the esterification are 10.36 1.05 mgKOH/g and 94.03 0.60 , respectively, which were well accorded with the predicted results 10.33 0.88 mgKOH/g and 94.05 0.51 . These results indicated that the models developed were considered to be accurate and reliable. Compared with those previous reports about enzymatic preparation of biodiesel using castor oil as feedstock 3, 18, 19 , the method using RA as acyl donor can efficiently produce biodiesel in short time 2.36 h . Fig. 4 3D surface plots between two variables for the esterification of RA and methanol with Novozym 435 as a catalyst: A reaction temperature and enzyme load relative to the weight of total substrates combined with the substrate ratio molar ratio of methanol to RA and reaction time fixed at 6:1 and 1.5h, respectively; B reaction temperature and substrate ratio combined with the enzyme load and reaction time fixed at 4 and 1.5h, respectively; C reaction temperature and time combined with the enzyme load and substrate ratio fixed at 4 and 6:1, respectively; D enzyme load and substrate ratio at 50 for 1.5 h; E enzyme load and reaction time combined with substrate ratio and reaction temperature fixed at 6:1 and 50 , respectively; F substrate ratio and reaction time combined with the enzyme load and reaction temperature fixed at 4 and 50 , respectively.
CONCLUSION
Biodiesel preparation can be successfully enhanced using RA as acyl donor, and the method can avoid the negative effect of glycerol on the enzyme esterification. Reaction conditions were optimized as follows: reaction temperature, 48.2 ; enzyme load, 5.8 ; molar ratio of methanol to RA, 5.56:1; reaction time, 2.36 h. Under these conditions, the AV and DE of the esterification are 10.36 1.05 mgKOH/g and 94.03 0.60 , respectively. The relationship between initial reaction rate and temperature was established, and the activation energy Ea of the enzymatic esterification is 33.87 KJ/mol. The work can give some available information about immobilized lipase catalyzedesterification for biodiesel preparation using fatty acids with hydroxyl groups as acyl donor.
